Starvation induces autophagy to preserve cellular homeostasis in virtually all eukaryotic organisms. However, the mechanisms by which starvation induces autophagy are not completely understood. In mammalian cells, the antiapoptotic protein, Bcl-2, binds to Beclin 1 during nonstarvation conditions and inhibits its autophagy function. Here we show that starvation induces phosphorylation of cellular Bcl-2 at residues T69, S70, and S87 of the nonstructured loop; Bcl-2 dissociation from Beclin 1; and autophagy activation. In contrast, viral Bcl-2, which lacks the phosphorylation site-containing nonstructured loop, fails to dissociate from Beclin 1 during starvation. Furthermore, the stress-activated signaling molecule, c-Jun N-terminal protein kinase 1 (JNK1), but not JNK2, mediates starvation-induced Bcl-2 phosphorylation, Bcl-2 dissociation from Beclin 1, and autophagy activation. Together, our findings demonstrate that JNK1-mediated multisite phosphorylation of Bcl-2 stimulates starvation-induced autophagy by disrupting the Bcl-2/Beclin 1 complex. These findings define a mechanism that cells use to regulate autophagic activity in response to nutrient status.
INTRODUCTION
Autophagy is an evolutionarily conserved cellular pathway in which the cell sequesters cytoplasmic contents in a doublemembrane vesicle and delivers them to the lysosome for degradation (Levine and Klionsky, 2004) . This pathway maintains cellular energy homeostasis during starvation; contributes to tissue remodeling during development; and removes harmful or superfluous cellular organelles, aggregate-prone proteins, and intracellular pathogens. The aberrant regulation of autophagy also contributes to a number of diseases (Levine and Kroemer, 2008 ).
An essential function of autophagy is cellular adaptation to nutritional stress. Following autophagic degradation of sequestered cytoplasmic cargo, the breakdown products are released into the cytoplasm where they can be recycled to maintain ATP energy production and macromolecular synthesis. Autophagy is implicated in adaptation to starvation in diverse organisms (Levine and Klionsky, 2004) . One of the yeast genetic screens that identified the evolutionarily conserved autophagy (ATG) genes isolated mutants that died during nitrogen or carbon deprivation. ATG genes in higher eukaryotes are essential for survival during starvation in Dictyostelium, for survival during dauer diapause in C. elegans, for prevention of starvation-induced chlorosis in plants, and for survival during the neonatal starvation period in mice (Levine and Kroemer, 2008) .
Given the fundamental role of autophagy in cellular and organismal adaptation to nutritional stress, an important question is how autophagy is stimulated by amino acid starvation. Several studies have focused on the role of insulin-dependent signaling and amino acids on the activation of mTOR, a potent inhibitor of autophagy (Meijer and Codogno, 2006) . Less is known about how the absence of amino acids leads to autophagy stimulation. In response to changes in the intracellular ATP/AMP ratio, 5 0 AMP-activated protein kinase (AMPK) is activated and phosphorylates TSC2, which increases its ability to inactivate mTOR (Meijer and Codogno, 2006) . The eIF2a kinase, GCN2, senses low concentrations of amino acids and, along with eIF2a, is required for starvation-induced autophagy in yeast and mammalian cells (Talloczy et al., 2002) . Other signaling molecules implicated in the control of starvation-induced autophagy include GTPases, calcium, MAPK family members, and ceramide (Meijer and Codogno, 2006) .
Previous findings suggest that dissociation of Bcl-2 from Beclin 1 may also be an important mechanism for activating autophagy in response to starvation . Beclin 1, the mammalian ortholog of yeast Atg6, is part of a complex with class III PI3K and other proteins, including UVRAG, Ambra-1, Bif-1, and antiapoptotic Bcl-2 family members (reviewed in Levine and Kroemer, 2008) . Beclin 1-associated class III PI3K activity stimulates autophagy, presumably by mediating the localization of other autophagy proteins to the preautophagosomal membrane. The autophagy function of the Beclin 1-class III PI3K complex is activated by UVRAG, Ambra-1, and Bif-1 and inhibited by Bcl-2 and Bcl-xL. Previously, we found that nutrient conditions regulate the interaction between endogenous Bcl-2 and Beclin 1 . When autophagy is induced by nutrient deprivation, Bcl-2 binding to Beclin 1 is minimal; when autophagy is inhibited by nutrient excess, Bcl-2 binding to Beclin 1 is maximal.
The mechanism(s) by which nutrient conditions regulate the interaction between Bcl-2 and Beclin 1 are unknown. Since endoplasmic reticulum (ER)-localized Bcl-2 inhibits autophagy and phosphorylated Bcl-2 localizes predominantly to the ER (Bassik et al., 2004) , one possibility is that Bcl-2 is a target for TOR or other autophagy-inhibitory signaling kinases involved in nutrient sensing. According to such a model, Bcl-2 phosphorylation would promote binding to Beclin 1 and autophagy inhibition. However, viral Bcl-2 (vBcl-2) encoded by Kaposi's sarcoma-associated herpesvirus (KSHV) inhibits Beclin 1-dependent autophagy as effectively as cellular Bcl-2 , and viral Bcl-2 lacks the nonstructured loop of cellular Bcl-2 that contains regulatory phosphorylation sites (Huang et al., 2002) . This suggests phosphorylation of Bcl-2-like family members may not be required for binding to Beclin 1 and autophagy inhibition. Further, based on studies of Bcl-2 phosphorylation in apoptotic regulation (Blagosklonny, 2001) , it is also plausible that Bcl-2 phosphorylation might inhibit binding to Beclin 1, thereby promoting autophagy. This latter model is attractive in view of recent structural evidence that the Bcl-2 binding site of Beclin 1 is a BH3 domain (Maiuri et al., 2007; Oberstein et al., 2007) , since phosphorylation of Bcl-2 blocks its binding to other BH3-only containing proteins (Bassik et al., 2004) .
We examined whether Bcl-2 phosphorylation regulates its nutrient status-dependent interaction with Beclin 1 and antiautophagy function. Our results indicate that Bcl-2 phosphorylation by the stress-activated signaling molecule, c-Jun N-terminal kinase 1 (JNK1), is required for its starvation-induced dissociation from Beclin 1 and autophagy activation.
RESULTS

Starvation
Regulates the Binding of Cellular, but Not Viral, Bcl-2 to Beclin 1 Previously, we showed that endogenous Bcl-2 binding to Beclin 1 is regulated by nutrient conditions in HeLa cells . We examined whether the Beclin 1 binding activity of KSHV vBcl-2 is also regulated by nutrient conditions ( Figure 1A) . In HeLa cells transfected with KSHV vBcl-2, we found no significant difference in the levels of vBcl-2 that coimmunoprecipitated with Beclin 1 when cells were grown in normal media or following 4 hr of nutrient deprivation. Similar results were also observed in MCF7 cells stably transfected with beclin 1 (MCF7.beclin 1 cells), a cell line used extensively for studies of Beclin 1-dependent autophagy (reviewed in Orvedahl et al., 2007) . In contrast, in both HeLa cells and MCF7.beclin 1 cells transfected with cellular Bcl-2, less cellular Bcl-2 coimmunprecpitated with Beclin 1 during starvation conditions ( Figure 1B) . As reported previously, this starvation-induced dissociation of the Bcl-2-Beclin 1 complex is also seen with endogenous proteins in HeLa cells ( Figure 2B ). These observations confirm prior findings that starvation induces dissociation of the cellular Bcl-2-Beclin 1 complex and demonstrate that viral Bcl-2 escapes this starvation-induced regulation of binding to Beclin 1.
Starvation Stimulates Multisite Phosphorylation within the Cellular Bcl-2 Nonstructured Loop
We reasoned that a structural comparison of cellular Bcl-2 (which is subject to starvation-mediated regulation of binding to Beclin 1) and KSHV v-Bcl-2 (which is not subject to starvation-mediated regulation of binding to Beclin 1) might provide clues about the molecular mechanism(s) governing the regulation of Bcl-2/Beclin 1 binding. Cellular Bcl-2 contains a 58 amino acid nonstructured loop between the BH4 and BH3 domain that is lacking in KSHV vBcl-2 (Figure 2A ). This loop contains three major phosphorylation sites: T69, S70, and S87 (Blagosklonny, 2001) . Therefore, we postulated that phosphorylation of one or more of these Bcl-2 sites may regulate binding to Beclin 1.
To investigate this, we examined whether endogenous Bcl-2 is phosphorylated in a nutrient status-dependent manner ( Figure 2B ). Following metabolic labeling with P 32 and immunoprecipitation with an anti-Bcl-2 antibody, minimal or no phosphorylated Bcl-2 could be detected in HeLa and MCF7.beclin 1 cells in normal growth conditions. In contrast, during starvation, increased Bcl-2 phosphorylation was detected in both HeLa and MCF7.beclin 1 cells. In parallel with increased Bcl-2 phosphorylation, Beclin 1 failed to coimmunoprecipitate with Bcl-2 during starvation conditions. These data suggest that the starvation-induced phosphorylated form of endogenous Bcl-2 does not bind to Beclin 1.
Next we sought to map the starvation-induced phosphorylation sites of Bcl-2 by expressing wild-type and mutant forms of Myc-tagged Bcl-2 in MCF7.beclin 1 cells ( Figure 2C ). Similar to endogenous Bcl-2, strong phosphorylation of Myc-Bcl-2 was detected during starvation. Alanine substitutions of one or two potential phosphorylation sites (e.g., S70A, S87A, and T69AS87A) in the nonstructured loop decreased but did not completely abrogate starvation-induced Bcl-2 phosphorylation. In contrast, simultaneous alanine substitutions at three phosphorylation sites, T69, S70, and S87, completely blocked starvation-induced Bcl-2 phosphorylation. Thus, Bcl-2 multisite phosphorylation occurs at residues T69, S70, and S87 during nutrient deprivation in MCF7.beclin 1 cells.
We confirmed these results using a phosphospecific antibody that detects serine-70 phosphorylation of human Bcl-2 ( Figure 2D ). The phospho-Ser70-specific Bcl-2 antibody fails to detect a band in Bcl-2 S70A mutant-expressing cells, confirming its specificity. During normal conditions, one band was detected in cells expressing wild-type Bcl-2, whereas during starvation, a second slower migration band was also detected. Previous studies have indicated that this slower migration band represents Bcl-2 multisite phosphorylation while the faster migration band represents Bcl-2 S70 monosite phosphorylation (Bassik et al., 2004; Yamamoto et al., 1999) . In MCF7.beclin 1 cells expressing Bcl-2 T69A/S87, the slower migration band is absent during starvation, confirming that starvation induces multisite phosphorylation, including of residues T69 and S87 within the nonstructured Bcl-2 loop. Multisite Phosphorylation in the Bcl-2 Nonstructured Loop Is Required for Nutrient Regulation of Beclin 1 Binding To further investigate the role of Bcl-2 multisite phosphorylation in binding to Beclin 1 and autophagy regulation, we studied Bcl-2 mutants that either mimic (e.g., S70E or T69E/S70E/S87E) or abrogate (e.g., S70A or T69A/S70A/S87A) mono-or multisite phosphorylation. During normal growth conditions, nonphosphorylatable monosite Bcl-2 S70A and multisite T69/S70A/S87A (AAA) mutants and the monosite phosphomimetic S70E mutant coimmunoprecipitate with Beclin 1 in both MCF7.beclin 1 cells ( Figure 3A ) and in HeLa cells ( Figure 3B ). However, during these conditions, the multisite phosphomimetic Bcl-2 T69E/S70E/ S87E (EEE) mutant fails to coimmumunoprecipitate with Beclin 1, suggesting that Bcl-2 multisite phosphorylation blocks its interaction with Beclin 1. Also, the nonphosphorylatable Bcl-2 AAA mutant, unlike wild-type Bcl-2 or the monophosphorylation site S70A mutant, coimmunoprecipitates with Beclin 1 as strongly during starvation conditions as during nutrient-rich conditions. This failure of a nonphosphorylatable Bcl-2 AAA mutant to dissociate with Beclin 1 during starvation is not limited to transient transfection assays. In previously characterized bcl-2 À/À murine embryonic fibroblasts (MEFs) reconstituted with comparable levels of stably expressed human wild-type Bcl-2 (WT Bcl-2 MEFs) or AAA mutant Bcl-2 (AAA Bcl-2 MEFs) (Bassik et al., 2004) , we found that starvation-induced phosphorylation of Bcl-2 and dissociation of the Bcl-2/Beclin 1 complex occurred in WT Bcl-2, but not in AAA Bcl-2 MEFs ( Figure 7A ). Together, these data indicate that starvation induces dissociation of the Bcl-2/Beclin 1 complex by multisite phosphorylation of the Bcl-2 nonstructured loop.
To confirm this hypothesis, we constructed chimeric viral/cellular Bcl-2 constructs in which we substituted either wild-type or S70A, S70E, AAA, or EEE mutant forms of the nonstructured loop of cellular Bcl-2 for amino acids 24-34 of viral Bcl-2 (Figure 3C ). The insertion of wild-type, S70A, or S70E Bcl-2 loop partially restored starvation-induced decreases in viral Bcl-2 binding to Beclin 1. The nonphosphorylatable AAA mutant loop did not restore nutrient-dependent binding, and the triple phosphomimetic EEE mutant loop had decreased binding to Beclin 1 during normal growth conditions. Thus, viral Bcl-2 can behave similarly to cellular Bcl-2 with respect to nutrient-dependent regulation of Beclin 1 binding if engineered to express the cellular Bcl-2 nonstructured loop containing the phosphorylation sites T69, S70, and S87. These data further demonstrate the importance of multisite phosphorylation of this loop in mediating starvation-induced dissociation from Beclin 1.
Multisite Phosphorylation in the Bcl-2 Nonstructured Loop Blocks Its Antiautophagy Function
Previously, we showed that Bcl-2 inhibits autophagy through its interaction with Beclin 1 . Our data above indicate that multisite phosphorylation of the nonstructured loop blocks Bcl-2 binding to Beclin 1 during starvation. Therefore, we predicted that Bcl-2 multisite phosphorylation would inhibit its antiautophagy function. To test this, we compared the antiautophagy activity of wild-type Bcl-2, Bcl-2 AAA, and Bcl-2 EEE mutants using the GFP-LC3 light microscopy assay that distinguishes between autophagy-inactive cells (with diffuse GFP-LC3 staining) and autophagy active cells (with punctate GFP-LC3 staining) (Klionsky et al., 2008) (Figure 4 ). We found that the nonphosphorylatable Bcl-2 AAA mutant inhibited starvation-induced autophagy as effectively as wild-type Bcl-2 ( Figures  4A-4B ). In contrast, the phosphomimetic Bcl-2 EEE mutant was defective in the inhibition of starvation-induced autophagy. Similarly, introduction of the cellular Bcl-2 S70A, S70E, or AAA mutant loops into viral Bcl-2 had no effect on the ability of viral Bcl-2 to inhibit autophagy, whereas the cellular Bcl-2 EEE mutant loop completely blocked the ability of viral Bcl-2 to inhibit starvation-induced autophagy ( Figure 4C ). Together, these findings indicate that Bcl-2 phosphorylation abrogates its antiautophagy function, likely by mediating its dissociation from Beclin 1. 
JNK1 Is the Kinase Responsible for Starvation-Induced
Bcl-2 Multisite Phosphorylation, Disruption of the Bcl-2/Beclin 1 Complex, and Autophagy Activation We next sought to identify the upstream kinase responsible for starvation-induced phosphorylation of Bcl-2 and disruption of its Beclin 1-binding and autophagy-inhibitory activity. Several kinases have been reported to phosphorylate Bcl-2, but only two kinases, both members of the mitogen-activated protein kinase (MAPK) superfamily, are known to phosphorylate Bcl-2 at multiple residues. C-jun N-terminal protein kinase (JNK) is the most frequently implicated Bcl-2 kinase and phosphorylates Bcl-2 at multiple sites in the nonstructured loop, including residues T69, S70, and S87 (Maundrell et al., 1997; Yamamoto et al., 1999) . The other stress-induced MAPK family member, P38, phosphorylates Bcl-2 at Ser87 and Thr56, but not at Thr69 or Ser70 within the nonstructured loop (De Chiara et al., 2006) . Therefore, we postulated that JNK may be the cellular kinase that regulates the antiautophagy activity of Bcl-2 via multisite phosphorylation.
First, we evaluated whether JNK can be activated by starvation in MCF7.beclin 1 cells using a phosphospecific antibody that recognizes dual site phosphorylation of different isoforms of JNK at Thr183 and Tyr185 ( Figure 5A ). No active JNK could be detected during growth in normal media, but active JNK was detected during starvation conditions, although total levels of JNK were equivalent in both conditions. In contrast to JNK, we did not detect starvation-induced activation of P38 ( Figure 5B ).
Next we evaluated whether endogenous JNK is required for starvation-induced Bcl-2 phosphorylation using MEFs with targeted disruption of jnk genes, including jnk1 or jnk2 (Tournier et al., 2000) ( Figure 5C ). We found that, similar to our findings in MCF7.beclin 1 and HeLa cells, Bcl-2 phosphorylation can be detected by P 32 metabolic labeling in wild-type MEFs during starvation, but not during growth in normal conditions. In contrast, starvation-induced Bcl-2 phosphorylation is completely blocked in jnk1 À/À MEFs, indicating that endogenous jnk1 is essential for starvation-induced Bcl-2 phosphorylation. In jnk2
MEFs, Bcl-2 phosphorylation is observed during growth in normal media and increases further upon starvation. Since higher than normal levels of JNK activation have been observed in jnk2 À/À mice (Tuncman et al., 2006) , we hypothesized that this Bcl-2 phosphorylation in jnk2 À/À MEFs may also reflect increased JNK activation. Indeed, in wild-type MEFs, we found JNK activation only during starvation, whereas JNK activation was observed during normal growth conditions in jnk2 À/À MEFs correlated inversely with Bcl-2 phosphorylation. In wild-type MEFs, as in other cell types described above, the nonphosphorylated form bound to Beclin 1 in normal growth conditions, whereas the phosphorylated form did not bind to Beclin 1 during starvation. In jnk1 À/À MEFs, in which no Bcl-2 phosphorylation occurred during starvation, Bcl-2 retained the ability to coimmunoprecipitate Beclin 1. In jnk2 À/À MEFs, in which Bcl-2 phosphorylation occurred during both normal conditions and starvation, Bcl-2 was unable to coimmunoprecipitate Beclin 1. Since the viability of the jnk1 À/À MEFs was poor following transient transfection of GFP-LC3 or empty control plasmids, we compared starvation-induced autophagy in WT jnk1 À/À and jnk2 À/À MEFs using a biochemical method that detects the degradation of p62/SQSTM1, an adaptor protein that binds to LC3, is incorporated into the autophagosome, and degraded by the autophagolysosome (Klionsky et al., 2008 ) ( Figure 5D ). In WT MEFs, p62/SQSTM1 is rapidly degraded during starvation, indicating the induction of a successful autophagy response. In contrast, in jnk1 À/À MEFs, the levels of p62/SQSTM1 remain unchanged during starvation, indicating the lack of normal starvation-induced autophagy. Further, in jnk2 À/À MEFs, where no 
Molecular Cell
Regulation of Autophagy by Bcl-2 Phosphorylation
Bcl-2 binds to Beclin 1 during normal growth conditions (presumably due to increased JNK1 activation), there is a marked decrease in basal levels of p62, suggesting constitutive hyperactivation of the autophagy pathway. These findings indicate that jnk1 À/À , but not jnk2
, MEFs are deficient in starvation-induced Bcl-2 phosphorylation, dissociation of the Bcl-2/Beclin 1 complex and autophagy.
JNK1 Stimulates Starvation-Induced Autophagy through Bcl-2 Multisite Phosphorylation
The above findings demonstrate an essential role for endogenous JNK1 in starvation-induced autophagy through a mechanism that involves Bcl-2 phosphorylation and disruption of the Bcl-2/ Beclin 1 complex. We further confirmed the role of JNK1 in mediating autophagy through Bcl-2 multisite phosphorylation, using cells that express human Bcl-2 (for which, unlike mouse Bcl-2, a phosphospecific antibody is available to detect Bcl-2 multisite phosphorylation) and that can be readily monitored for autophagosome formation with the GFP-LC3 assay.
We expressed a constitutively active JNK1 and a dominantnegative mutant JNK1 in MCF7.beclin 1 cells ( Figure 6A ). We used a previously described construct in which JNK1 is fused to an upstream kinase, MKK7, that functions as a specific, constitutive activator of JNK1 (Lei et al., 2002; Zheng et al., 1999) . The replacement of the tripeptide dual phosphorylation motif Thr-Pro-Tyr with Ala-Pro-Phe in the fusion protein MKK7-JNK1 generates a dominant-negative JNK1 (Lei et al., 2002) . Expression of constitutively active JNK1 in MCF7.beclin 1 cells results in constitutive Bcl-2 multisite phosphorylation, which is associated with a decrease in Bcl-2 coimmunoprecipitation with Beclin 1. In contrast, in MCF7.beclin 1 cells that express dominantnegative JNK1, multisite Bcl-2 phosphorylation is observed neither during normal growth conditions nor during starvation, and Bcl-2 fails to dissociate from Beclin 1 during starvation.
The effects of constitutively active and dominant-negative JNK1 on autophagy correlate with effects on Bcl-2 phosphorylation and Beclin 1 binding ( Figures 6B and 6C ). Constitutively active JNK1 expression in MCF7.beclin 1 cells, which is associated with Bcl-2 multisite phosphorylation and lack of Bcl-2 binding to Beclin 1 during growth in normal media, increases basal autophagy levels compared to empty vector control. In contrast, dominant-negative JNK1 expression, which is associated with lack of Bcl-2 multisite phosphorylation and the persistence of Bcl-2 binding to Beclin 1 during starvation conditions, blocks starvation-induced increases in autophagy. Together, these data confirm that JNK1 mediates Bcl-2 multisite phosphorylation, Bcl-2 dissociation from Beclin 1, and autophagy induction in response to cellular starvation.
To further evaluate whether JNK1 stimulates autophagy by Bcl-2 multisite phosphorylation, we examined the effects of forced expression of wild-type or the nonphosphorylatable AAA mutant Bcl-2 on autophagy induced by constitutively active JNK1 ( Figure 6D ). The starvation-induced increase in autophagy in MCF7.beclin 1 cells is blocked by overexpression of either wild-type or the nonphosphorylatable AAA mutant Bcl-2. In cells that express constitutively active JNK1 and have increased levels of autophagy during normal growth conditions, wild-type Bcl-2 forced expression fails to inhibit autophagy, whereas AAA mutant Bcl-2 forced expression inhibits autophagy during growth in normal media and during starvation. Thus, the nonphosphorylatable AAA mutant Bcl-2 successfully blocks the ability of constitutively active JNK1 to stimulate autophagy.
Next, we used WT Bcl-2 or AAA Bcl-2 MEFs to further confirm that JNK1 phosphorylation of residues T69, S70, and S87 is critical for starvation-induced dissociation of Bcl-2 and Beclin 1 and autophagy activation. We found that constitutively active JNK1 induced phosphorylation of Bcl-2 and dissociation from Beclin 1 during normal growth conditions in WT Bcl-2, but not in AAA Bcl-2, MEFs ( Figure 7A ). Similarly, we found that constitutively active JNK1 increases autophagic activity during normal growth conditions in WT Bcl-2 MEFs ( Figure 7B ), whereas it is incapable of inducing autophagy in AAA Bcl-2 MEFs that lack endogenous phosphorylatable Bcl-2. Together, these observations suggest that JNK1 stimulates autophagy through a mechanism involving phosphorylation of Bcl-2 at residues T69, S70, and S87A.
JNK1 and Starvation Induce Multisite Phosphorylation of the ER-Localized Pool of Bcl-2
Previously, we showed that ER-localized Bcl-2, not mitochondrial-localized Bcl-2, inhibits Beclin 1-dependent autophagy.
To determine which cellular pool of Bcl-2 is subject to JNK1-mediated phosphorylation, we performed subcellular fractionation of WT Bcl-2 MEFs transfected with empty vector or constitutively active JNK1 ( Figure 7C ), isolating light membrane fractions (labeled by the ER marker calreticulin) and heavy membrane fractions (labeled by the mitochondrial marker Tim23). In control transfected cells, the light membrane (ER) fraction contained monophosphorylated (S70) Bcl-2 during growth in normal conditions and multisite phosphorylated Bcl-2 during starvation. In cells transfected with active JNK1, multisite Bcl-2 phosphorylation was observed in the ER fraction in both normal and starvation conditions. No Bcl-2 phosphorylation was detected under any conditions in the heavy membrane (mitochondrial) fraction. Thus, phosphorylated Bcl-2 is localized entirely in the ER-containing fraction, and multisite phosphorylation of Bcl-2 likely occurs specifically at the ER during starvation or JNK1 activation. Upon immunoprecipitation of light membrane, heavy membrane, and cytoplasmic fractions with anti-Bcl-2, Beclin 1 was only isolated in a complex with the monophosphorylated Bcl-2 in the light membrane fraction during normal growth conditions. No Beclin 1 was isolated in multisite phosphorylated Bcl-2 complexes in the light membrane fraction of control-transfected cells during starvation or active JNK1-transfected cells during starvation or normal nutrient conditions. The amount of Beclin 1 that coimmunoprecipitates with Bcl-2 appears similar to the amount of monophosphorylated Bcl-2 in the light membrane fraction, suggesting a stoichiometric correlation between monophosphorylated Bcl-2 and Beclin 1 complexed in the ER. Together, these data suggest a model in which JNK1-mediated phosphorylation of the ER pool of Bcl-2 during starvation disrupts its binding to Beclin 1, thereby releasing the inhibitory effects of Bcl-2 on autophagy. 
DISCUSSION
Bcl-2 Multisite Phosphorylation Regulates Induction of Starvation-Induced Autophagy Our data demonstrate that multisite phosphorylation within the nonstructured loop of Bcl-2 stimulates starvation-induced autophagy by disrupting the Bcl-2/Beclin 1 complex. We found that starvation, a potent inducer of autophagy, induces phosphorylation of residues T69, S70, and S87 of cellular Bcl-2, which is required for dissociation of Bcl-2 from Beclin 1 during starvation. Viral Bcl-2, which lacks the nonstructured loop and regulatory phosphorylation sites, is unable to dissociate from Beclin 1 during starvation. Moreover, a Bcl-2 mutant containing phosphomimetic mutations at T69, S70, and S87 is unable to bind to Beclin 1 and inhibit autophagy. Also, in response to starvation, Beclin 1 cannot be released from Bcl-2 and autophagy cannot be induced in cells that contain only a nonphosphorylatable Bcl-2 and lack endogenous wild-type Bcl-2. Previous studies have indicated that cellular and viral Bcl-2 family members inhibit autophagy and that the cellular Bcl-2/Beclin 1 complex dissociates during starvation (Maiuri et al., 2007; Pattingre et al., 2005) . However, the molecular mechanism regulating the dissociation of Bcl-2 from Beclin 1 during starvation was unknown. Our findings indicate that this dissociation is regulated by starvation-induced Bcl-2 multisite phosphorylation.
Bcl-2 has been studied most extensively as an antiapoptotic protein, although it has been shown to be involved in other cellular processes, including cell-cycle progression, calcineurin signaling, glucose homeostasis, transcriptional repression by p53, and more recently, autophagy inhibition (Danial and Korsmeyer, 2004; Maiuri et al., 2007; Pattingre et al., 2005; Reed, 1998) . The Bcl-2 protein has a long half-life, and its regulation at the level of protein expression is limited (Reed, 1996) . Therefore, posttranslational modifications, including phosphorylation, may play an important role in regulating its activity (Blagosklonny, 2001 ). Previous studies demonstrated that Bcl-2 can be phosphorylated on specific residues within the nonstructured loop that links the BH3 and BH4 domains in response to diverse stimuli, including chemotherapeutic drugs and growth factors (reviewed in Blagosklonny, 2001 ). There is controversy over the significance of Bcl-2 phosphorylation and its effects on apoptosis regulation (Blagosklonny, 2001 ). However, in most studies, phosphorylation of Bcl-2 is associated with inactivation, as deletion of the loop region or mutation of phosphorylation sites enhances its antiapoptotic function (reviewed in Bassik et al., 2004) . Our results show that Bcl-2 phosphorylation also inactivates its antiautophagy function.
The effects of Bcl-2 phosphorylation on binding to Beclin 1 are consistent with previous results regarding the relationship between Bcl-2 phosphorylation and binding to BH3-domain containing proteins (Bassik et al., 2004) . Phosphorylation of Bcl-2 inhibits binding to both multidomain and BH3-only proapoptotic family members in a purified in vitro system. Furthermore, most phosphorylated Bcl-2 resides in the ER, and in ERenriched fractions, the nonphosphorylatable Bcl-2 AAA mutant coprecipitated substantially more BH3 proapoptotic family members than does wild-type Bcl-2. These observations led to the model that phosphorylation of ER-based Bcl-2 reduces binding to BH3 proapoptotic proteins. Of note, structural and functional analyses have recently identified Beclin 1 as a novel BH3-only protein that binds to Bcl-2 and Bcl-xL via its BH3 domain (Maiuri et al., 2007; Oberstein et al., 2007) . Our prior work demonstrated that ER-localized Bcl-2 inhibits the autophagy function of Beclin 1 , and in this study, we found that phosphorylation of ER-localized Bcl-2 regulates its binding to Beclin 1. Thus, there are parallels between the effects of Bcl-2 phosphorylation on apoptotic regulation and on autophagy regulation. In both cases, Bcl-2 phosphorylation interferes with its binding to BH3-containing proteins in the ER, including BH3-containing proapoptotic proteins (in the case of apoptosis regulation) and the BH3-containing proautophagy protein, Beclin 1 (in the case of autophagy regulation).
It is not yet clear how Bcl-2 phosphorylation disrupts binding to either Beclin 1 or BH3-containing proapoptotic family members. An important question is whether there are differential binding affinities of Bcl-2 to proapoptotic versus proautophagic BH3 proteins and, as a corollary, whether there is a hierarchical relationship between Bcl-2 phosphorylation and disruption of Bcl-2/ Beclin 1 complexes versus disruption of Bcl-2/BH3 proapoptotic protein complexes. Since autophagy is activated as a cell-survival mechanism during starvation (Levine and Klionsky, 2004) , one prediction is that rapid Bcl-2 phosphorylation during starvation may occur initially to promote cell survival by disrupting the Bcl-2/Beclin 1 complex and activating autophagy. At a certain point when autophagy is incapable of further keeping cells alive and cells ''commit'' to death, Bcl-2 phosphorylation might then serve to inactivate its antiapoptotic function.
Bcl-2 Phosphorylation, Disruption of the Bcl-2/Beclin 1 Complex, and Autophagy Stimulation during Starvation Is Mediated by JNK1 Signaling Our data show that the JNK1 signaling pathway is responsible for Bcl-2 multisite phosphorylation during starvation, which leads to disruption of the Bcl-2/Beclin 1 complex and release of the inhibitory activity of Bcl-2 on Beclin 1-dependent autophagy. In cells lacking endogenous JNK1, starvation fails to induce Bcl-2 phosphorylation, disruption of the Bcl-2/Beclin 1 complex, or autophagy stimulation. Further, constitutively active JNK1 results in Bcl-2 multisite phosphorylation, disruption of the Bcl-2/ Beclin 1 complex, and autophagy activation in cells grown in normal media, whereas dominant-negative JNK1 blocks the Bcl-2 multisite phosphorylation, disruption of the Bcl-2/Beclin 1 complex, and autophagy activation that normally occurs in response to starvation. In addition, autophagy stimulation by constitutively active JNK1 is blocked by a nonphosphorylatable Bcl-2 mutant, but not by wild-type Bcl-2. Together, these observations provide strong evidence that the JNK1 signaling pathway positively regulates autophagy by phosphorylation of Bcl-2 and release of its inhibitory effects on Beclin 1. Although there may be redundant actions of JNK1 and JNK2, our data add to the increasing evidence for JNK1/2-isoform specific roles (Bogoyevitch, 2006) , since we failed to observe a similar role for JNK2 in the regulation of Bcl-2 phosphorylation, Bcl-2 binding to Beclin 1, and autophagy.
Our data suggest that an important physiological function of JNK1-mediated Bcl-2 phosphorylation/inactivation is stimulation of autophagy in response to starvation. Since autophagy is activated by starvation in lower eukaryotes, such as yeast, that lack Bcl-2, this regulatory mechanism has evolved more recently than the core autophagic machinery. One speculation is that, in metazoans, there is a need that does not exist in unicellular organisms for coordinate regulation of starvation responses and autophagy with other pathways such as cellular proliferation, differentiation, development, inflammation, and apoptosis that are also regulated by JNK1 signaling (Liu and Lin, 2005; Weston and Davis, 2007) .
The JNK1 signaling pathway has been shown to regulate autophagy in both Drosophila and mammalian cells in response not only to starvation, but also in response to ER stress, T cell receptor activation, growth factor withdrawal, cytokine stimulation (e.g., IL-2 and TNFa), caspase inhibition, and treatment with neuronal excitotoxic stimuli (Borsello et al., 2003; He and Orvedahl, 2007; Jia et al., 2006; Li et al., 2006; Lu et al., 2007; Ogata et al., 2006; Yu et al., 2004) . This diversity of stress stimuli that trigger JNK1-mediated autophagy is consistent with the hypothesis that autophagy regulation is intricately intertwined with numerous other cellular stress-response programs mediated by JNK1 signaling. Despite the known link between JNK1 and autophagy induction, the mechanism by which JNK1 activation leads to autophagy induction has been undefined. In the present study, we show that, at least during starvation, the mechanism involves Bcl-2 phosphorylation and the release of Bcl-2's inhibitory action on the essential autophagy protein, Beclin 1. It is not yet known whether the mechanism by which JNK1 activates autophagy in settings other than starvation is through its effects on Bcl-2 phosphorylation or through other downstream targets.
There is some evidence that temporal regulation of JNK1 activation may be a critical determinant of the cellular response. Early, transient JNK1 activation promotes cell survival, whereas prolonged JNK1 activation can mediate apoptosis (Ventura et al., 2006) . This finding is consistent with our observation that JNK1 activation and JNK1-mediated Bcl-2 phosphorylation promote autophagy-a cell survival pathway during starvationeven though these same signaling events may also contribute to cell death. In this study, we focused on the short-term effects of starvation (4 hr) when cells are healthy and no apoptotic programs are activated, which allowed us to dissociate effects of Bcl-2 and JNK1 signaling on autophagy regulation from their effects on apoptosis regulation. It will be interesting to test the prediction that short-term JNK1-mediated Bcl-2 phosphorylation may promote autophagy-dependent cell survival, whereas sustained JNK1-mediated Bcl-2 phosphorylation may promote apoptosis. Given that JNK1 has been shown to activate autophagy both in settings where autophagy promotes cell survival (e.g., starvation and ER stress) and in settings where autophagy leads to cell death (e.g., caspase inhibition, TNF-a stimulation, and neuronal excitotoxic stimuli) (Borsello et al., 2003; Ogata et al., 2006; Yu et al., 2004) , a related question is whether the magnitude and/or kinetics of JNK1-mediated Bcl-2 phosphorylation determines whether autophagy is prosurvival or prodeath.
In summary, we have identified a signaling mechanism that regulates starvation-induced autophagy in mammalian cells involving JNK1-mediated multisite phosphorylation of Bcl-2 and disruption of the Bcl-2/Beclin 1 complex. Given the critical roles of both JNK1 and autophagy in enabling cells to successfully adapt to environmental stress, this mechanism may play an important role in diverse aspects of cellular and tissue homeostasis.
EXPERIMENTAL PROCEDURES
Please see the Supplemental Experimental Procedures for information on plasmid constructions, cell transfections, metabolic labeling and phosphorylation detection, western blot analyses, and details on antibodies, coimmunoprecipitation assays, and subcellular fractionation studies.
Plasmids
Flag-Bcl-2, Flag-v-Bcl-2, and GFP-LC3 were described previously , and pCDNA3-Flag-MKK7-JNK1 (constitutively active JNK) and pcDNA3-Flag-MKK7-JNK1(APF) (dominant-negative JNK1) were provided by R.J. Davis (Lei et al., 2002) . The construction of mutant cellular and viral Bcl-2 plasmids is described in the Supplemental Experimental Procedures.
Antibodies
The antibodies used to detect Beclin 1, JNK1, JNK2, p62, Myc, Bcl-2, phosphorylated Bcl-2, phosphorylated JNK, phosphorylated p38, p62/SQSTM1, and Flag-epitope are described in the Supplemental Experimental Procedures.
Cells
Cells used in this study include previously described HeLa and MCF7.beclin 1 cells ; bcl-2 À/À MEFs reconstituted with wild-type human Bcl-2 (WT Bcl-2 MEFS); or a nonphosphorylatable T69A, S70A, or S87A mutant form of human Bcl-2 (AAA Bcl-2 MEFs) (Bassik et al., 2004) and jnk1
À/À and jnk2 À/À MEFs provided by R.J. Davis (Tournier et al., 2000) . Cells were transfected as described in the Supplemental Experimental Procedures.
Coimmunoprecipitation Assays
Immunoprecipitation of Beclin 1 and Bcl-2 were performed with a polyclonal goat anti-Beclin 1 antibody and a monoclonal anti-Bcl-2 antibody, respectively, using methods described in the Supplemental Experimental Procedures.
Subcellular Fractionation Assays
WT Bcl-2 MEFs were fractionated into heavy membrane, light membrane, and cytosolic fractions as described in the Supplemental Experimental Procedures.
Autophagy Assays
Autophagy was measured during growth in normal media or after 4 hr of starvation in Hank's balanced salt solution (HBSS) by light microscopic quantitation of cells transfected with GFP-LC3 as described (Furuya et al., 2005) or by western blot analysis of the levels of p62/SQSTM1.
SUPPLEMENTAL DATA
The Supplemental Data include Supplemental Experimental Procedures and can be found with this article online at http://www.molecule.org/cgi/content/ full/30/6/678/DC1/.
